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The purpose of this study was to evaluate the effect of design and surface finishing on fracture strength of yttria-tetragonal
zirconia polycrystal (Y-TZP) crowns in monolithic (1.5mm thickness) and bilayer (0.8mm zirconia coping and 0.7mm porcelain
veneer) configuration after artificial aging. Bovine incisors received crown preparation andY-TZP crownsweremanufactured using
CAD/CAM technique, according to the following groups (𝑛 = 10): Polished monolithic zirconia crowns (PM); Glazed monolithic
zirconia crowns (GM); Bi-layer crowns (BL). Crowns were cemented with resin cement, submitted to artificial aging in a chewing
simulator (2.5 million cycles/80N/artificial saliva/37∘C), and tested for fracture strength. Two remaining crowns referring to PM
and GM groups were submitted to a chemical composition analysis to measure the level of yttrium after aging. One-way ANOVA
and Tukey’s test (𝑃 = .05) indicated that monolithic zirconia crowns presented similar fracture strength (PM = 3476.2N± 791.7;
GM = 3561.5N± 991.6), which was higher than bilayer crowns (2060.4N± 810.6). There was no difference in the yttrium content
among the three surfaces evaluated in the monolithic crowns. Thus, monolithic zirconia crowns present higher fracture strength
than bilayer veneered zirconia after artificial aging and surface finishing does not affect their fracture strength.
1. Introduction
The increase of esthetics’ demand has led to the development
of metal-free restorations without metallic components [1].
Dental ceramics present numerous favorable characteristics
including biocompatibility and excellent potential to simulate
the optical characteristics of natural teeth [2, 3]. However,
the evaluation of clinical survival rates of posterior all-
ceramic crowns and fixed dental prostheses (FDPs) reveals
the vulnerability of those systems to various failure modes
[4–6].Therefore, several attempts have beenmade to improve
the fracture strength of all-ceramic restorations, including
the use of Yttria-stabilized tetragonal zirconia polycrystal (Y-
TZP) due to its higher flexural strength [7] that allows the
manufacturing of fixed partial prostheses (FPPs) in areas of
high masticatory loads [8].
However, the strength of all-ceramic crowns relies upon
the core as well as the veneer material, whereby a bilayer
system with a strong and tough Y-TZP core veneered with
translucent but brittle porcelain tends to fail prematurely.
Moreover, these bilayer systems have several disadvantages
including the multistep manufacturing process, low tough-
ness of the veneer material, and weak bonding between
veneer layer and coping [6]. Therefore, zirconia prostheses
veneered with porcelain rarely undergo framework fracture,
and chipping or cracking of the porcelain veneer is the
most commonly reported complication [9–12]. The clinical
survival rate of zirconia-based veneer restorations can be as
high as 79–100% after 5 years [13–15] and chipping of the
veneer layer is mostly reported for bilayers crowns in powder
build-up technique [16, 17].
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The alternative to circumvent all the bilayer systems’
disadvantages is to replace the veneer/core bilayer with a
monolithic restorative system [6]. Monolithic lithium disili-
cate fracture resistance appears promising while submerged
in a wet environment [18], and its fatigue load-to-failure
showed higher values than veneered Y-TZP crowns [19].
Fabricating zirconia monolithic restorations could
improve the mechanical stability and increase the range of
indications of those prostheses. However, its wear behavior
and chemical stability have not yet been fully clarified.
Zirconia presents three different crystal configurations
depending on the temperature: monoclinic from room
temperature to 1170∘C; tetragonal from 1170∘C to 2370∘C;
and cubic at temperatures above 2370∘C. When cooling after
sintering, this material undergoes volume expansion of 3%
to 5%, which is related to the transition from tetragonal to
monoclinic phase. Nonetheless, many oxides such as calcium
(CaO), magnesium (MgO), yttrium (Y
2
O
3
), or ceria (CeO
2
)
may be added to zirconia to stabilize the tetragonal and
stronger phase at room temperature [20, 21].
The concentration of the stabilizer plays a decisive role
in the performance of this material under fatigue and the
addition of 2-3mol% of Y
2
O
3
results in partially stabilized
tetragonal zirconia, which is the most attractive composition
for “transformation toughening” [22]. This mechanism is
primarily responsible for the superior mechanical properties
of zirconia, since it may undergo phase transformation
from tetragonal to monoclinic under localized stress, with
a subsequent increase of about 4 to 5% of local volume,
inhibiting crack propagation [9, 23]. However, due to its
metastable nature, zirconia-based materials are susceptible
to unfavorable phase transformation at room temperature,
and this phenomenon is known as “low temperature degrada-
tion” (LTD) [24, 25]. Aging occurs through an uncontrolled
slow transformation of superficial grains from tetragonal-
to-monoclinic phase in contact with water. This creates
surface roughness and formation of microcracks, creating
possibilities for water penetration causing further phase
transformation and consequent loss of mechanical strength
[24–26].
The aging process may induce yttrium loss and com-
promise the stability of the tetragonal phase of zirconia-
based restorations, leading to uncontrolled tetragonal-to-
monoclinic transformation [27]. It has been hypothesized
that thismechanism occurs as a result of the reaction between
water (H
2
O) and yttrium (Y
2
O
3
) to form yttrium hydroxide
(Y(OH)
3
), which steadily drains the stabilizer, allowing for
local conversion to the monoclinic phase [21, 28]. Apart
from the aging controversy, the application of full-contour
zirconia restorations is currently discussed as an alternative
to bilayer veneered restorations based on the fact that clinical
failures are observed mainly in the veneer layer [29]. In spite
of reducing the possibility of early fracture by eliminating
the weak phase (veneer layer) from the restorative complex,
phase transformation is a reason for concern, since the direct
contactwith saliva undermasticatory loadsmay aggravate the
water penetration and crack propagation.
Hence, the purpose of this study is to compare the fracture
strength and failure mode of two Y-TZP monolithic systems,
Figure 1: Standardized crown preparation on a bovine incisor.
either polished or glazed, and bilayer veneered Y-TZP crowns
after prolonged artificial aging. The content of yttrium of the
monolithic crowns after artificial aging was also investigated.
The null hypothesis was that the crown design, monolithic
or bilayer, had no effect on fracture strength of aged zirconia
crowns.
2. Material and Methods
2.1. Specimens’ Preparation. Thirty-two healthy bovine
incisors were used in this study, and a standardized crown
preparation was performed in a lathe machine (Magnum-
Cut; FEL-2680 GZJ) with the following dimensions: 4.2mm
diameter occlusal base, 6.0mm diameter cervical base, and
7.0mm axial height (Figure 1). The taper was established as
8 degrees for all axial walls and the cervical finish line was
rounded shoulder.The tooth inner angles were rounded with
fine grain diamond burs (KG Sorensen).
Specimens were randomly distributed in three groups
(𝑛 = 10) according to the crown fabrication technique: PM
group: monolithic zirconia polished crowns (1.5mm thick-
ness); GM group: monolithic zirconia glazed crowns (1.5mm
thickness); BL group: zirconia copings with hand-layered
porcelain veneering (0.8mm core and 0.7mm porcelain
thickness). Two additional crowns, referring to PM and GM
groups, were submitted to an electron probe microanalysis
(EPMA) to quantify the yttrium content after aging.
For fabrication of the nonanatomical crowns, all prepa-
rations were scanned by a noncontact optical 3D scanning
device (Lava Scan system scanner; 3M ESPE). All zirconia
crowns and copings were designed by the same technician
with Lava Scan Design System. Then, zirconia blocks (Lava
Plus for monolithic crowns, and Lava Frame for by-layer
crowns) were milled by using the Lava CNC 500 milling
machine (3M ESPE). After the milling procedure, all copings
and crowns were sintered in a furnace (Lava Furnace 200) for
approximately 11 hours. The fully sintered crowns referring
to PM were finished and polished with diamond wheels and
bristle brushes (Brasseler; dental instruments). The crowns
referring to GM received glaze firing after the sinterization.
A silicone impression was taken from one finalized specimen
of PM in order to duplicate its 1.5mm thickness to control
the final thickness of the veneered crowns. Copings referring
to BL were veneered with the powder build-up technique
with LavaCeram veneer ceramic (3MESPE).The thickness of
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the veneered porcelain and the contour of the final crown
were verified by measuring the crown at different locations
with a digital caliper, and the firing cycle was controlled by an
experienceddental technician to ensure standardized crowns.
The crowns were cleaned for 10min in an ultrasonic
bath (Bransonic ultrasonic cleaner 3510 E-DTH; Branson),
and 10 specimens of each group were cemented on their
respective prepared tooth with a self-adhesive phosphate-
based luting resin (RelyX Unicem 2 Automix; 3M ESPE). A
static load of 5 kg [11, 30] was applied for 7 minutes following
the cementation procedure following the manufacturer’s
instructions.The crowns for chemical analysis were cemented
with temporary cement (RelyX Temp NE; 3M ESPE).
2.2. Specimens Aging. After luting, specimens were stored in
distilled water at 37∘C for 24 hours and submitted to an aging
procedure: 2 500 000 cycles, 80N, at 37∘C under artificial
saliva bath [31]. Loading was applied with a vertical dis-
placement of 0.2mm and horizontal (occlusal) displacement
of 0.5mm in a chewing simulator CS-4 (SD Mechatronik).
As a substitute for human enamel, hydroxyapatite steatite
indenters (3mmdiameter) were used as antagonists andwere
replaced for each specimen [32].
2.3. Fracture Strength Measurement. Aged specimens were
loaded in a universal testing machine (Instron; model 8501)
under deionized water bath at room temperature, with a
5mm diameter ball indenter (stainless steel) at a crosshead
speed of 0.5mm/min. The maximum fracture load was
measured by applying compressive load to the occlusal
surface until the crown failed. Catastrophic fracture failure
was considered as either the presence of visible cracks or
sudden load drops or even acoustic events of chipping or
fracture.
2.4. Failure Types’ Analysis. The crowns were optically exam-
ined after fracture testing, and failure modes were divided
into total core fracture, chipping of the veneer, or fracture
at core/veneer interface. One representative specimen from
each group was mounted on stubs with carbon adhesive
tape and colloidal silver paint. Then, specimens were gold-
sputtered and observed under scanning electron microscopy
(SEM).
2.5. Surface Compositional Analysis. Thetwo remaining spec-
imens referring to PMandGMwere used for quantification of
yttrium content. The yttrium level was measured in 10 points
starting from the worn occlusal surface (occlusal dimple) up
to the most inner point of the coping of PM and GM and
in a surface away from the occlusal load in PM undamaged.
Compositional analyses were performed by using electron
probe microanalysis (EPMA) on an electron microprobe
(camera SX-50/51 DCI 1300 DLL) with 40-degree take-off
angle and beam energy of 15 keV.
2.6. Statistical Analysis. Fracture strength and yttrium con-
tent were separately analyzed by using SPSS 19.0 forWindows
(SPSS Inc.). One-way analysis of variance (ANOVA) and
Table 1: One-way ANOVA test results for fracture strength effect
indicating significant difference amongst the groups.
Source Sum of squares df Mean square 𝐹 𝑃
Between groups 12563505.80 2 6281752.900 7.571 .002
Within groups 22401284.20 27 829677.193
Total 34964790.00 29
Table 2: Mean fracture strength and Tukey’s test results at 95% sig-
nificance level.
Experimental
group
Fracture
strength (𝑁)
Std. deviation Tukey (𝑃 = .05)
Polished
monolithic
(PM)
3492.5 748.21 a
Glazed
monolithic
(GM)
3344.7 1159.45 a
Bilayered
veneered (BL) 2051.8
764.76 b∗
∗Statistical difference among experimental groups (𝑃 = .002).
Tukey’s test were used to compare mean and standard devi-
ation (SD), with 95% confidence levels for both fracture
strength and yttrium content.
3. Results
3.1. Fracture Strength. All crowns withstood the artificial
aging in the chewing simulator. One-way ANOVA indicated
a significant difference among the groups (𝑃 = .002, Table 1).
The fracture strength of monolithic zirconia crowns polished
(PM= 3492.5±748.2N) and glazed (GM= 3344.7±1159.4N)
was statistically similar (𝑃 = .930) and significantly (𝑃 =
.002) higher than the results for the bilayer crowns (BL =
2051.8 ± 764.7N, Table 2).
3.2. Failure Types Analysis. The failure pattern observed in
PM and GM showed total crown fracture (Figure 2). All the
specimens from group BL showed fracture at core/veneer
interface without infrastructure damage.
Fractographic analysis of PM and GM indicates that the
direction of the crack propagation occurs from the occlusal
surface to the center of the restoration. Based on failure
patterns, hackles and lines are perpendicular to the crack
origin (Figure 3). In BL, fractographic analysis shows that the
critical flaw is located in the middle of the surface damaged
inside the veneer layer (Figure 4).
3.3. Surface Compositional Analysis. One-wayANOVAof the
yttrium content indicated statistically similar (𝑃 = .935,
Table 3) concentration of yttrium among the surfaces. Mean
and standard deviation for yttrium content may be observed
in Table 4.
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(a) (b)
Figure 2: Overview of scanning electron micrographs of polished monolithic crown (PM) ((a) ×27) and glazed monolithic crown (GM) ((b)
×30) fractured specimens.
(A) (B)
Figure 3: SEM micrographs of polished monolithic (PM) (A) and glazed monolithic (GM) (B) fractured specimens, indicating similar
fracture mechanism between them, whereby crack propagation (arrows) starts at occlusal surface (a), and hackles and lines (b) perpendicular
to crack origin may be observed.
Table 3: One-way ANOVA test results for yttrium content, indicat-
ing statistically similar values amongst the groups.
Source Sum of squares df Mean square 𝐹 𝑃
Between
groups .001 2 .000 .067 .935
Within
groups .157 27 .006
Total .158 29
4. Discussion
The application of artificial aging before the fracture strength
test aimed to simulate the effect of the oral environment
on zirconia-based crowns by associating cyclic loading, an
antagonist tooth, and artificial saliva. This reproduction of
the in vivo condition was designed to observe changes
representative of the expected clinical in vivo changes, which
might result in the undesired phenomenon of low tempera-
ture degradation (LTD). 2.5 million mechanical cycles were
selected to simulate 5-year aging in the oral environment,
considering that an average adult would perform around
Table 4: Mean yttrium content (wt%) in monolithic crowns and
Tukey’s test results at 95% significance level.
Experimental
group
Yttrium
content
(wt%)
Std. deviation Tukey(𝑃 = .05)
PM worn
occlusal 2.0785 0.9361 a
∗
GM worn
occlusal 2.0822 0.6728 a
PM
undamaged 2.0700 0.6443 a
∗Similar letters indicate statistically similar results among all groups (𝑃 =
.935).
500 000 loading cycles/year [33, 34]. However, there is a large
variation between number of cycles and the vertical loading
applied in aging studies in the literature, with in vitro studies
reporting the application of 5 000 to 400 000 cycles [32, 35–
39]. Indeed, several studies performed 1 200 000 cycles with
50N of vertical load [29, 40–42].
All crowns survived the artificial aging in the chew-
ing simulator. This result indicates a stable performance
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(a) (b)
Figure 4: SEM micrograph of porcelain fractured surface showing critical flaw (crack) in bilayer (BL) veneered fractured crown. Note
chipping at the occlusal surface (a) and voids inside veneering layer (b).
of zirconia-based crowns under a constant load of 80N
during 5 years. Previous studies that evaluated the clinical
performance of zirconia-based restorations demonstrated a
survival rate of 79–100% after 5 years [13–15], with the
most frequent clinical problem being the fracture of the
veneering ceramic. Those results may be explained by the
unevenmasticatory loads presented in vivo, which also varies
according to the type of food to be triturated by the posterior
teeth. Moreover, other variables are present in the mouth,
such as pH and temperature variations, and these effects on
the fracture strength and chemical stability of all-ceramic
crowns are not well known.
The null hypothesis that the Y-TZP crown design, mono-
lithic or bilayer, has no effect on fracture strength was
rejected. Therefore, the present study showed higher fracture
strength of monolithic zirconia crowns in comparison to the
bilayer configuration.
Previous studies analyzing the fracture strength of all-
ceramic monolithic crowns indicate a superior performance
for the monolithic design. Monolithic lithium disilicate
restorations and hand-layer veneered Y-TZP core evidenced
that the highest fatigue load-to-failure values were presented
by monolithic crowns and the lowest for veneered Y-TZP
crowns [19]. Even though the monolithic system was made
of lithium disilicate, better results were obtained when
compared to bilayer Y-TZP. According to the authors, the
enhanced performance of monolithic crowns may be caused
by the elimination of the interface between core and veneer,
which is believed to be the weak link in bilayer systems.
Another in vitro study evaluated the load-bearing capac-
ity of four different zirconia based crowns, including zirconia
core with veneer layer produced either by powder build-up or
CAD/CAM technique, glazed monolithic zirconia, and pol-
ished monolithic zirconia. The results showed that zirconia
in bilayer configuration had significantly lower load-bearing
capacity than the other crowns’ design [16]. Nevertheless, it
is important to consider that fracture load presented by all
groups (PM = 3492.5N; GM = 3344.7N; BL = 2051.8N) was
still higher than maximum chewing forces reported in the
literature, which is expected to be around 700N for healthy
young adults [43, 44]. Therefore, the results indicated that
the fracture load presented by all groups tested in the study
may tolerate the clinical applications without restrictions.
However, clinical reports of failed bilayer zirconia-based
restorations due to chipping or cracking are still commonly
reported in the literature [10–12].
In the present study, the groups referring to monolithic
crows, polished and glazed, showed a total core fracture
pattern. This result was expected, since PM has only one
material layer and GM has a thin glaze layer which leads to
a bulk structural fracture. On the other hand, all the bilayer
crowns showed fracture at core/veneer interface. Failure
mode at the veneer layer has been reported for bilayers
crowns, most commonly in powder build-up technique
rather than in the sintering or pressed veneering technique
[16, 17]. This technique, which is highly sensitive and more
susceptible to variability due to the individual operator and
themany firing cycles required, was used in the present study.
The process may result in the addition of impurities and
porosities, which maximizes the risk of crack propagation
(Figure 3). Therefore, the technique and the low mechanical
properties of the veneer material may be the reason for this
mode of failure as well as for the lower fracture strength
presented by specimens in BL group, since the inner coping
was still intact after the mechanical testing. In contrast, there
are some researches reporting complete failure (core/veneer)
of all Lava CAD/CAM crowns [7] and total coping fracture
[17].
There is still no consensus about the system triggering
LTD, but three different rationales have been suggested in the
literature. The first hypothesis is that water (H
2
O) interacts
with yttrium (Y
2
O
3
) generating yttriumhydroxide (Y(OH)
3
),
which totally compromises the stabilizer, leading to local
yttriumdeficiency that results in transformation of tetragonal
to monoclinic phase. Another mechanism suggested is that
water breaks the bond between Zr and O, resulting in
localized stress growth as a result of −OH movement inside
the crystal structure.This motion causes lattice fault that acts
as nucleating agents for posterior crystalline changes. And
the last theory is that O
2
– from water breakdown fills oxygen
vacancies [21].
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The content of yttrium after aging was evaluated in
previous studies. An in vitro study reported yttrium decrease
(from 6.76wt% to 4.83wt%) after aging Vita In-Ceram YZ in
boiling water for 7 days, confirming the first hypothesis for
LTD’s origin [27]. However, another research with the same
experimental method reported no difference in the yttrium
content after aging, even showing increase in monoclinic
phase concentration (from 2 to 21%) [21]. The contradictory
results between the first and the latter references may be
related to the distinct chemistry of the zirconia substrates
used.
In the current study, therewas nodifference in the yttrium
content among occlusal worn surfaces and undamaged sur-
faces. Thus, this result can support the hypothesis that the
chemical composition of monolithic crowns was not affected
by the occlusal loading.
The results of this study demonstrated that monolithic
zirconia-based crowns might have reliable fracture strength
after 5 years of occlusal loading. Indeed, the fabrication of
monolithic zirconia restorations might allow for extended
clinical application, reducing a major drawback, which is
fracture of veneering ceramic. However, future researches
concerning whether temperature or ph variations can influ-
ence the fracture strength and chemical stability of mono-
lithic zirconia crowns after artificial aging should be con-
ducted. And in vivo studies should be performed to evaluate
the clinical behavior of monolithic zirconia restorations.
5. Conclusion
According to the results of this study, Y-TZP monolithic
crowns (polished and glazed) present higher fracture strength
than bilayered veneered Y-TZP crowns. There was no evi-
dence of yttrium depletion after 2.5 million cycles in artificial
aging.
Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.
Acknowledgments
The authors thank CAPES for the first author’s PhD Sand-
wich Scholarship (Process BEX 17246/12-1). The materials
employed were kindly donated by 3M-ESPE Canada and
crown manufacturing was made possible by Rotsaert Dental
Laboratory. Additional laboratorial expenses were supported
by University of Toronto Start-Up Fund and by PhD Sand-
wich Scholarship no. BEX 17246/12-1 from CAPES.
References
[1] M. Zahran, O. El-Mowafy, L. Tam, P. A. Watson, and Y. Finer,
“Fracture strength and fatigue resistance of all-ceramic molar
crowns manufactured with CAD/CAM technology,” Journal of
Prosthodontics, vol. 17, no. 5, pp. 370–377, 2008.
[2] F. Beuer, D. Edelhoff, W. Gernet, and M. Naumann, “Effect of
preparation angles on the precision of zirconia crown copings
fabricated by CAD/CAM system,”DentalMaterials Journal, vol.
27, no. 6, pp. 814–820, 2008.
[3] F. Beuer, M. Naumann, W. Gernet, and J. A. Sorensen, “Preci-
sion of fit: zirconia three-unit fixed dental prostheses,” Clinical
Oral Investigations, vol. 13, no. 3, pp. 343–349, 2009.
[4] A. Ode´n, M. Andersson, I. Krystek-Ondracek, and D. Mag-
nusson, “Five-year clinical evaluation of Procera AllCeram
crowns,” The Journal of prosthetic dentistry, vol. 80, no. 4, pp.
450–456, 1998.
[5] S. Rinke, S. Scha¨fer, K. Lange, N. Gersdorff, and M. Roediger,
“Practice-based clinical evaluation of metal-ceramic and zirco-
nia molar crowns: 3-year results,” Journal of Oral Rehabilitation,
vol. 40, no. 3, pp. 228–237, 2013.
[6] Y. Zhang, J. J.-W. Lee, R. Srikanth, and B. R. Lawn, “Edge chip-
ping and flexural resistance of monolithic ceramics,” Dental
Materials, vol. 29, no. 12, pp. 1201–1208, 2013.
[7] T.-K. Kwon, H.-S. Pak, J.-H. Yang et al., “Comparative fracture
strength analysis of lava and digident CAD/CAM zirconia
ceramic crowns,” Journal of Advanced Prosthodontics, vol. 5, no.
2, pp. 92–97, 2013.
[8] R.G. Fonseca, F. deOliveiraAbi-Rached, J.M. dos SantosNunes
Reis, E. Rambaldi, and P. Baldissara, “Effect of particle size on
the flexural strength and phase transformation of an airborne-
particle abraded yttria-stabilized tetragonal zirconia polycrystal
ceramic,” Journal of Prosthetic Dentistry, vol. 110, no. 6, pp. 510–
514, 2013.
[9] I. Denry and J. R. Kelly, “State of the art of zirconia for dental
applications,”Dental Materials, vol. 24, no. 3, pp. 299–307, 2008.
[10] F. Beuer, D. Edelhoff, W. Gernet, and J. A. Sorensen, “Three-
year clinical prospective evaluation of zirconia-based posterior
fixed dental prostheses (FDPs),”Clinical Oral Investigations, vol.
13, no. 4, pp. 445–451, 2009.
[11] Y.-S. Choi, S.-H. Kim, J.-B. Lee, J.-S. Han, and I.-S. Yeo, “In
vitro evaluation of fracture strength of zirconia restoration
veneered with various ceramic materials,” Journal of Advanced
Prosthodontics, vol. 4, no. 3, pp. 162–169, 2012.
[12] W. S. Lin, C. Ercoli, C. Feng, and D. Morton, “The effect of core
material, veneering porcelain, and fabrication technique on the
biaxial flexural strength and weibull analysis of selected dental
ceramics,” Journal of Prosthodontics, vol. 21, no. 5, pp. 353–362,
2012.
[13] P. Vigolo and S. Mutinelli, “Evaluation of zirconium-oxide-
based ceramic single-unit posterior fixed dental prostheses
(FDPs) generated with two CAD/CAM systems compared to
porcelain-fused-to-metal single-unit posterior FDPs: a 5-year
clinical prospective study,” Journal of Prosthodontics, vol. 21, no.
4, pp. 265–269, 2012.
[14] R. Sorrentino, G. de Simone, S. Tete`, S. Russo, and F. Zarone,
“Five-year prospective clinical study of posterior three-unit
zirconia-based fixed dental prostheses,” Clinical Oral Investiga-
tions, vol. 16, no. 3, pp. 977–985, 2012.
[15] A. O¨rtorp, M. L. Kihl, and G. E. Carlsson, “A 5-year retrospec-
tive study of survival of zirconia single crowns fitted in a private
clinical setting,” Journal of Dentistry, vol. 40, no. 6, pp. 527–530,
2012.
[16] F. Beuer, M. Stimmelmayr, J.-F. Gueth, D. Edelhoff, and M.
Naumann, “In vitro performance of full-contour zirconia single
crowns,” Dental Materials, vol. 28, no. 4, pp. 449–456, 2012.
[17] B. Stawarczyk, M. O¨zcan, M. Roos, A. Trottmann, I. Sailer, and
C. H. F. Ha¨mmerle, “Load-bearing capacity and failure types
of anterior zirconia crowns veneered with overpressing and
BioMed Research International 7
layering techniques,” Dental Materials, vol. 27, no. 10, pp. 1045–
1053, 2011.
[18] M. Dhima, D. A. Assad, J. E. Volz et al., “Evaluation of fracture
resistance in aqueous environment of four restorative systems
for posterior applications. Part 1,” Journal of Prosthodontics, vol.
22, no. 4, pp. 256–260, 2013.
[19] N. R. F. A. Silva, V. P. Thompson, G. B. Valverde et al., “Com-
parative reliability analyses of zirconium oxide and lithium dis-
ilicate restorations in vitro and in vivo,” Journal of the American
Dental Association, vol. 142, supplement 2, pp. 4S–9S, 2011.
[20] B. D. Flinn, D. A. Degroot, L. A. Mancl, and A. J. Raigrod-
ski, “Accelerated aging characteristics of three yttria-stabilized
tetragonal zirconia polycrystalline dental materials,” Journal of
Prosthetic Dentistry, vol. 108, no. 4, pp. 223–230, 2012.
[21] T. F. Alghazzawi, J. Lemons, P.-R. Liu, M. E. Essig, A. A.
Bartolucci, and G. M. Janowski, “Influence of low-temperature
environmental exposure on the mechanical properties and
structural stability of dental zirconia,” Journal of Prosthodontics,
vol. 21, no. 5, pp. 363–369, 2012.
[22] J. Chevalier, L. Gremillard, A. V. Virkar, and D. R. Clarke,
“The tetragonal-monoclinic transformation in zirconia: lessons
learned and future trends,” Journal of the American Ceramic
Society, vol. 92, no. 9, pp. 1901–1920, 2009.
[23] P. Fabbri, C. Piconi, E. Burresi, G. Magnani, F. Mazzanti, and
C.Mingazzini, “Lifetime estimation of a zirconia-alumina com-
posite for biomedical applications,”DentalMaterials, vol. 30, no.
2, pp. 138–142, 2014.
[24] J. Chevalier, “What future for zirconia as a biomaterial?” Bioma-
terials, vol. 27, no. 4, pp. 535–543, 2006.
[25] J. Chevalier, J. Loh, L. Gremillard, S. Meille, and E. Adolfson,
“Low-temperature degradation in zirconia with a porous sur-
face,” Acta Biomaterialia, vol. 7, no. 7, pp. 2986–2993, 2011.
[26] C. Sanon, J. Chevalier, T. Douillard et al., “Low temperature
degradation and reliability of one-piece ceramic oral implants
with a porous surface,”Dental Materials, vol. 29, no. 4, pp. 389–
397, 2013.
[27] H. P. Papanagiotou, S. M. Morgano, R. A. Giordano, and R.
Pober, “In vitro evaluation of low-temperature aging effects and
finishing procedures on the flexural strength and structural sta-
bility of Y-TZP dental ceramics,” Journal of Prosthetic Dentistry,
vol. 96, no. 3, pp. 154–164, 2006.
[28] K. Kvam and S. Karlsson, “Solubility and strength of zirconia-
based dentalmaterials after artificial aging,” Journal of Prosthetic
Dentistry, vol. 110, no. 4, pp. 281–287, 2013.
[29] V. Preis, M. Behr, S. Hahnel, G. Handel, and M. Rosentritt, “In
vitro failure and fracture resistance of veneered and full-contour
zirconia restorations,” Journal of Dentistry, vol. 40, no. 11, pp.
921–928, 2012.
[30] P. Proussaefs, “Crowns cemented on crownpreparations lacking
geometric resistance form. Part II: effect of cement,” Journal of
Prosthodontics, vol. 13, no. 1, pp. 36–41, 2004.
[31] M. A. Ablal, J. S. Kaur, L. Cooper et al., “The erosive potential of
some alcopops using bovine enamel: an in vitro study,” Journal
of Dentistry, vol. 37, no. 11, pp. 835–839, 2009.
[32] J. O. Burgess, S. Janyavula, N. C. Lawson, T. J. Lucas, and D.
Cakir, “Enamel wear opposing polished and aged zirconia,”
Operative Dentistry, vol. 39, no. 2, pp. 189–194, 2014.
[33] M.N.Aboushelib, “Simulation of cumulative damage associated
with long term cyclic loading using a multi-level strain accom-
modating loading protocol,” Dental Materials, vol. 29, no. 2, pp.
252–258, 2013.
[34] E. C. Teixeira, J. R. Piascik, B. R. Stoner, and J. Y. Thomp-
son, “Dynamic fatigue and strength characterization of three
ceramic materials,” Journal of Materials Science: Materials in
Medicine, vol. 18, no. 6, pp. 1219–1224, 2007.
[35] L. Kontos, C. Schille, E. Schweizer, and J. Geis-Gerstorfer,
“Influence of surface treatment on the wear of solid zirconia,”
Acta Odontologica Scandinavica, vol. 71, no. 3-4, pp. 482–487,
2013.
[36] P. Luangruangrong, N. B. Cook, A. H. Sabrah, A. T. Hara,
and M. C. Bottino, “Influence of full-contour zirconia surface
roughness on wear of glass-ceramics,” Journal of Prosthodontics,
vol. 23, no. 3, pp. 198–205, 2014.
[37] M.-J. Kim, S.-H. Oh, J.-H. Kim et al., “Wear evaluation of the
human enamel opposing different Y-TZP dental ceramics and
other porcelains,” Journal of Dentistry, vol. 40, no. 11, pp. 979–
988, 2012.
[38] S. Janyavula, N. Lawson, D. Cakir, P. Beck, L. C. Ramp, and J.
O. Burgess, “The wear of polished and glazed zirconia against
enamel,” Journal of Prosthetic Dentistry, vol. 109, no. 1, pp. 22–
29, 2013.
[39] Y. S. Jung, J. W. Lee, Y. J. Choi, J. S. Ahn, S. W. Shin, and J. B.
Huh, “A study on the in-vitro wear of the natural tooth structure
by opposing zirconia or dental porcelain,” Journal of Advanced
Prosthodontics, vol. 2, no. 3, pp. 111–115, 2010.
[40] M. Ghazy, O. El-Mowafy, and R. Roperto, “Microleakage of
porcelain and composite machined crowns cemented with self-
adhesive or conventional resin cement,” Journal of Prosthodon-
tics, vol. 19, no. 7, pp. 523–530, 2010.
[41] V. Preis, M. Behr, C. Kolbeck, S. Hahnel, G. Handel, and M.
Rosentritt, “Wear performance of substructure ceramics and
veneering porcelains,” Dental Materials, vol. 27, no. 8, pp. 796–
804, 2011.
[42] B. Stawarczyk, M. O¨zcan, F. Schmutz, A. Trottmann, M. Roos,
and C. H. F. Ha¨mmerle, “Two-body wear of monolithic,
veneered and glazed zirconia and their corresponding enamel
antagonists,” Acta Odontologica Scandinavica, vol. 71, no. 1, pp.
102–112, 2013.
[43] C. H. Gibbs, K. J. Anusavice, H. M. Young, J. S. Jones, and J. F.
Esquivel-Upshaw, “Maximum clenching force of patients with
moderate loss of posterior tooth support: a pilot study,” Journal
of Prosthetic Dentistry, vol. 88, no. 5, pp. 498–502, 2002.
[44] V. F. Ferrario, C. Sforza, G. Zanotti, and G. M. Tartaglia,
“Maximal bite forces in healthy young adults as predicted by
surface electromyography,” Journal of Dentistry, vol. 32, no. 6,
pp. 451–457, 2004.
Submit your manuscripts at
http://www.hindawi.com
Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Corrosion
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Polymer Science
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Ceramics
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Composites
Journal of
Nanoparticles
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
International Journal of
Biomaterials
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Nanoscience
Journal of
Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014
Journal of
Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Journal of
Crystallography
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Coatings
Journal of
Advances in 
Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
 Smart Materials 
Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Metallurgy
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
BioMed 
Research International
Materials
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
N
an
om
at
er
ia
ls
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Journal ofNanomaterials
